ABSTRACT Spinach (Spinacia oleracea var "Yates") plants in hydroponic culture were exposed to stepwise increased concentrations of NaCl or NaNO3 up to a final concentration of 300 millimoles per liter, at constant Ca2"-concentration. Leaf cell sap and extracts from aqueously isolated spinach chloroplasts were analyzed for mineral cations, anions, amino acids, sugars, and quarternary ammonium compounds. Total osmolality of leaf sap and photosynthetic capacity of leaves were also measured. For comparison, leaf sap from salt-treated pea plants was also analyzed. Spinach plants under NaCI or NaNO3 salinity took up large amounts of sodium (up to 400 millimoles per liter); nitrate as the accompanying anion was taken up less (up to 90 millimoles per liter) than chloride (up to 450 millimoles per liter). Under chloride salinity, nitrate content in leaves decreased drastically, but total amino acid concentrations remained constant. This response was much more pronounced (and occurred at lower salt concentrations) in leaves from the glycophyte (pea, Pisum sativum var "Kleine Rheinlinderin") than from moderately salt-tolerant spinach. In spinach, sodium chloride or nitrate taken up into leaves was largely sequestered in the vacuoles; both salts induced synthesis of quarternary ammonium compounds, which were accumulated mainly in chloroplasts (and cytosol). This prevented impairment of metabolism, as indicated by an unchanged photosynthetic capacity of leaves.
In spite of decades of research on plant responses to salinity, mechanisms of tolerance and damage are not well understood. There is, however, rather general agreement that tolerant plants take up salt in large amounts into various organs. This appears to be the "cheapest" way, in terms of energy costs, to maintain turgor and a water potential gradient between the leaves and soil. Salt concentrations in shoots and leaves have been reported to reach levels which are toxic for enzyme activities in vitro (6) . Salt compartmentation in the vacuole offers a potential solution to this problem. Analysis of the salt content in aqueously isolated chloroplasts has so far established that the metabolically active compartments are essentially free of salt even when salt concentrations in leaf extracts are 400 to 800 mmol L' (13, (20) (21) (22) .
Nothing is yet known on the transport mechanisms involved in the maintenance of this compartmentation, nor how it may be regulated.
Studies with the isolated mesophyll cell vacuole ( 17) certainly contribute to a better understanding of the mechanisms of salt compartmentation in leaves. In addition to such in vitro studies, experimentation with the whole plant is continued in order to answer the following basic questions: (a) Is the ability of the leaf cell to sequester a surplus of inorganic cations and anions in the vacuole restricted to sodium and chloride, or is there a general "ion homeostasis" in the metabolically active compartments? (b) How is the osmotic potential in the chloroplasts and cytosol adjusted if the osmolarity of the vacuolar sap increases due to salt uptake? (c) Is there a basic difference between glycophytes and halotolerant plants in the ability to sequester salt in the vacuole?
In the experiments described below, we have carried out a rather complete analysis of all major osmotically relevant solutes in leaves and chloroplasts of spinach grown under a variety of salt regimes and also under mineral deficiency. A similar analysis was carried out on chloroplasts and leaves from a glycophyte (Pisum sativum). Part of these data is presented in the following.
MATERIALS AND METHODS Spinach (Spinacia oleracea var "Yates") was grown hydroponically in a growth chamber under artificial illumination (HQi 400 W, Schreder, Winterbach, FRG) providing a photon flux density of 450 umol photons m-2 s-' at a day/night cycle of 1 1/ 13 h. Daytime temperature was 21C, night temperature 15°C. Relative humidity was not controlled and varied from about 50% (when plants were young) to 90%, prior to harvesting of the mature plants. The Peas (Pisum sativum var "Kleine Rheinlanderin") were grown under similar conditions as spinach, but in a one-quarter strength nutrient solution. NaCl (100 mmol L-') was added in one step when plants were 14 d old. At that time, two leaflets were fully expanded. At the end of the experiment, plants had four fully expanded leaflets. Further experimental details are as for spinach.
Leaf sap osmolality was determined from leaves which were frozen in liquid nitrogen and ground with glass rods to a fine powder. After thawing and centrifugation (about 15,000g for 10 min), a small part of the supematant was immediately used for cryoscopic determination ofthe osmolality ofthe cell sap (Knaur Semimicroosmometer, Oberursel, FRG).
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Leaf extracts for solute analysis were obtained in a similar way: leaves were again ground to a fine powder in liquid nitrogen. After addition of 5 ml distilled water (per gram fresh weight), the homogenate was boiled in a water bath for 10 min. The debris and protein precipitate were spun down, and the clear supernatant was stored frozen for solute analysis.
Rapid aqueous isolation of chloroplasts for solute analysis was carried out by the following procedure: 30 g of washed spinach leaves were homogenized for 6 s in 100 ml of an ice-cold isotonic buffer solution containing only sorbitol and 20 mmol L`Mes (adjusted to pH 6.8 with Tris-base). Sorbitol concentrations were adjusted prior to isolation to the osmotic potential of leaf sap as determined by cryoscopy. After filtration through nylon tissue (20 gm mesh), the filtrate was set on top of an isotonic Percoll solution (20% v/v Percoll) and the chloroplasts were spun down for 2 min at 2000g. The supernatant was removed with a pipette, and the pellet was carefully rinsed twice with 2 ml of isotonic buffer medium. After resuspending the pellet in 1 ml of the same solution, aliquots (10 ,ul) were used for determination of chloroplast Chl content (1) and intactness (9) . Intactness varied between 75 and 100%. After lysis of chloroplasts by addition of 4 ml distilled water, the membranes were spun down at 15,000g for 10 min. The supernatant was boiled in a water bath for 10 min. The precipitate was removed by centrifugation, and the clear supernatant was stored frozen for solute analysis. All concentrations were corrected for intactness and were based on an average chloroplast volume of 25 (26) . Total amino acids were determined with ninhydrin, total sugar content with the anthrone reagent, and quarternary ammonium compounds with a modified colorimetric procedure according to Speed and Richardson (27) . For all analytical procedures, suitable blanks had to be subtracted to correct for contaminants carried in with the isolation media.
Photosynthetic capacity of leaf discs (40 mm diameter) was measured in leaf oxygen electrode chamber (Bachofer, Reutlingen, FRG) at a saturating photon flux density (920 umol photons m-2 s-') and at an external CO2 concentration of 15% (in air).
RESULTS AND DISCUSSION
Response of Plants to Stepwise Increased Salt Concentrations. In a first series of experiments, plants were exposed to stepwise increased concentrations of sodium chloride or sodium nitrate. Nitrate is usually not an important constituent of saline soils. However, it was chosen for reasons of comparison as another monovalent salt with an anion of expectedly high mobility. When the salt concentration of the culture solution was brought stepwise to 300 mmol L-', the resulting increase in osmolality was only partly matched by an increased leaf sap osmolality (Table  I) . At an external salt concentration of 300 mmol L' (NaCl or NaNO3, corresponding to Na+/Ca2+ of 75), the increase in leaf sap osmolality was only 360 mosmol kg-', which is roughly equivalent to a solution containing 180 mmol L-1 NaCl or NaNO3. It is important to be aware that this value is averaged over at least four leaves of different age. Between leaves, values differed considerably. However, since our ultimate goal was a comparison of solutes in leaves and chloroplasts, and since chloroplasts were always isolated from a large population of leaves of different age, leaf extracts were also pooled and analyzed.
The leaf sap osmolality give in Table I is presumably an underestimation of the cell sap osmolality, since the homogenates contain not only intracellular, but also apoplastic water. The apoplastic water phase is assumed to represent 15 to 20% of the total leaf water (including xylem water) (15) . Solute concentrations in the apoplastic water are presumably very low compared with the intracellular space. and therefore the osmolality of expressed leaf sap should underestimate cell sap osmolality by about 15%. Generally, the cryoscopically determined leaf sap osmolality was significantly lower than the molarity of the sum of all measured solutes (compare Tables I and II) . Since the extracted cell sap represents a complex mixture of inorganic and organic solutes interacting with each other, thereby changing ion activities, it is extremely difficult to judge to what extent cryoscopically determined osmolalities and calculated molarities should be different, especially since both were determined at extremely different dilution (and consequently with different ion activities): cryoscopic determinations were made with undiluted leaf sap; solutes were determined after an approximately 50 to 100-fold dilution. Given these differences in methodology, such discrepancies seem inevitable.
Photosynthetic capacity of leaves (i.e., maximum oxygen evolution rates at CO2 and light saturation) remained unaffected (on a Chl basis) by treatment of plants with NaCl or NaNo3 (Table I ). However, extremely high (usually 15%) external CO2 concentrations were required to saturate photosynthesis and to overcome the very high stomatal resistance of salt-treated plants (13, 22) .
Sodium concentrations in leaves increased in parallel with the salt concentration of the culture solution. They were usually slightly higher when nitrate was the accompanying anion than with chloride (Table II) . Potassium concentrations in leaves decreased with both salts, but that decrease was much smaller than the increase in the sodium concentration. Magnesium concentrations in the leaves remained constant during salinity or decreased slightly.
Whereas chloride concentrations in leaf extracts from NaCltreated plants increased in parallel with the sodium concentration, nitrate concentrations in NaNO3-treated plants remained much lower (Table II) . A 400 mmol L' increase in the sodium concentration in the leaf sap was accompanied by a 310 mmol L-increase of chloride, but only by a 90 mmol L-' increase of the nitrate concentration, resulting in a drastic surplus of cation uptake under nitrate salinity. This was compensated for, in part, by increased concentrations of phosphate and malate (Table II) , but the balance of charges was still incomplete. Both in leaves from control plants and from salt treated plants, the cation surplus was about 250 meq L'. In all cases, such a deviation from electroneutrality seems impossible. Rather, it is assumed that a large part (250%) of cationic charges is electrically compensated by insoluble polymeric anions like proteins or carbonic acids.
Sulfate concentrations decreased slightly under both chloride and nitrate salinity. Under chloride salinity, nitrate concentrations in leaf extracts were decreased (from about 10 mmol L' close to zero, Table II : also compare Ref. 5 , Figs. 1 and 2 ). Chloride concentrations were less affected by nitrate salinity (Table II) . It has to be mentioned that aqueous spinach leaf extracts contained about 200 to 250 mmol L' oxalic acid. This concentration did not change significantly with various treatments. Since most of it is presumably located as calcium oxalate in specialized cells and also since our aqueous extraction procedure did not exhaustively extract oxalate, data were not included in Table II . It is hard to judge to what extent soluble oxalate could contribute to charge compensation.
It was already reported earlier (13) that amino acid concentrations in leaf extracts increased only slightly under salinity, and the same was true for sugar concentrations, which were hardly affected by either an excess of sodium chloride or sodium nitrate (Table II) . There was, however, a threefold increase in the concentration ofquarternary ammonium compounds in leafextracts with both NaCl and NaNO3.
Solute Concentrations In Chloroplasts. A first prerequisite for the determination of solute concentrations in chloroplasts is a rapid isolation procedure which minimizes solute loss and contamination of chloroplasts with solutes from other compartments. At present it seems impossible to make perfectly sure that no leakage exists. However, we have measured solute efflux from chloroplasts after isolation for all major cations and anions and found that the chloroplast envelope was tight for at least 10 min after isolation when chloroplasts were kept on ice (Table III) . For isolation of chloroplasts, about 30 g of leaf material were homogenized in 100 ml of medium. Leaves from salt treated plants contained about 450 mmol L-' Na+, which is thereby diluted to about 100 mmol L-'. If chloroplasts lost salt during homogenization, the equilibrium concentration would be 100 mmol L-'. However, sodium (and chloride) contents in chloroplasts were always much lower than that. It seems therefore The leaf filtrate was kept on ice for a total of 16 min; at various time intervals, 20 ml of the filtrate were used for rapid chloroplast isolation (see "Materials and Methods"). At the times given in the table, chloroplasts were isolated, washed, and prepared for extraction and determination of the solute content. Each number represents the mean from three separate determinations. Similar values were obtained with chloroplasts from plants treated with NaCl (300 mmol L-') or NaNO3 (300 mmol L-'). However, due to the high Na+ content of the leaves, the homogenization medium contained these ions in considerable concentrations. As a result, about 10 to 30% of chloroplastic K+ (Table II) . As already mentioned, there is no reason to assume solute loss from chloroplasts during isolation (compare Table III ). The discrepancy should be due to some other reasons. Subcellular compartments have to be in a water potential equilibrium, which is not necessarily identical with a solute concentration equilibrium if a large (negative) matrix potential contributes to the overall water potential. It is hard to imagine, however, that this contribution could be as large as indicated by the discrepancy of solute concentrations in extracts from chloroplasts and leaves from salt-treated plants shown in Table II . Rather, we believe that the chloroplast volume in situ ( in the leaf) might be smaller than indicated by in vitro measurements of chloroplast volumes. At present we have no experimental possibility to test this hypothesis. Still, even if the chloroplast volumes in situ were considerably smaller than expected, the basic trends described below would not change much.
The solute composition in chloroplasts differs in several respects from concentrations in whole leaf extracts indicating a complex regulation of solute compartmentation between the vacuole and metabolically active compartments. Amino acid concentrations were always very high in chloroplasts from spinach and from other plants as well (12) , reaching concentrations (in spinach) of up to 200 mmol L-'. Since most of them are acidic (14) , they also represent the majority of soluble anions in chloroplasts. Together with inorganic phosphate, they provide near complete charge compensation for chloroplastic cations. All chloroplast preparations contained about 20 to 30 mmol L' oxalic acid, which is 10% of the concentration found in leaf extracts. Oxalate concentrations did not change with salt treatment, and data were omitted from Table II for the reasons mentioned above. Sugars were nearly equally distributed between chloroplasts and extrachloroplastic space, or even higher in the vacuoles, both in control plants and under salinity.
Chloride concentrations in chloroplasts from control plants were found to be much lower than previously reported (13, 20, 21) . These earlier measurements represent a significant overestimation obtained by amperometric titration (26) . The reason is that freshly prepared chloroplast extracts contain significant amounts of SH compounds, which apparently react with silver ions (not shown). Chloride concentrations in chloroplasts increased strongly under NaCl-salinity in relative terms (from 1 mmol L' to 25 mmol L' at 300 mmol 1`NaCl). However, absolute concentrations remained an order of magnitude lower than in the leaf extract, and certainly far below any toxic level. Under nitrate salinity, chloroplastic nitrate levels were perfectly constant, but this was to be expected since leaf nitrate concentrations remained lower than chloride concentrations.
Sodium concentrations in chloroplasts increased about 3-fold, from about 7 to 20 mmol Lm' when the salt concentration in the culture solution was raised stepwise to 300 mmol L', independent of the anion (Table II) . At the same time, the sodium concentrations in leaf extracts increased about 200-fold. The potassium concentrations decreased both in chloroplasts and leaves. Chloroplastic magnesium concentrations remained rather constant, as in the whole leaf. Concentrations of other anions in chloroplasts were also more or less constant, both under chloride and nitrate salinity.
As in leaf extracts, charge balance of inorganic ions in chloroplast extracts was also incomplete, with a significant cation surplus (50 to 120 meg L', Table II ). However, since chloroplasts contained very high concentrations of acidic amino acids (up to 200 mmol L-'), charge balance should be near perfect even without taking into account chloroplast proteins or oxalic acid.
Since subcellular membranes cannot stand a large pressure difference, the large increase in the osmotic potential of vacuolar sap under salinity must be compensated for by osmotica in other subcullular compartments. In chloroplasts this is partly achieved by accumulation of quarternary ammonium compounds. Both under chloride and nitrate salinity, levels of these compounds in chloroplasts increased from about 60 mmol L-' up to 250 mmol L-(compare Ref. 23 ).
Salt-Shock Experiments. In the experiments described above, plants received only gradual exposure to salinity by stepwise increases in the salt concentration of the culture solution with a rate of 30 mmol L-' d-1. In order to find the limits of the plant's capacity to sequester salt in the vacuole, salt-shock experiments were carried out whereby 300 mmol L' salt (NaCl) were added in one step. Similar experiments were carried out earlier by Coughlan and Wyn Jones (2) but without studying inorganic solute composition in leaves as comprehensively as shown in Figure 1 . Leaf extracts were prepared over a period of 7 d, and chloroplasts were isolated on d 2, 3, and 4 (Fig. 1) . A first response of plants was a transient wilting, followed by visible recovery within a few hours.Sodium and chloride concentrations increased only slowly during the first 24 h. Salt uptake into leaves then reached an average rate of 5 to 7 mmol g-' fresh weight h-'. In chloroplasts, the average influx was much smaller, about 1 mmol L-' h-' for Nae and 0.25 mmol L-' h-' for chloride. In chloroplasts, sodium uptake was partly compensated for by a decrease in the potassium concentration (0.75 mmol L-' h-'). If this is taken into account, chloride and sodium uptake match each other quite well, and the net increase of the salt concentration in chloroplasts occurred at only 5% of the rate as in the whole leaf. Whereas concentrations of most other cations and anions (magnesium, phosphate, sulfate) in leafextracts remained more or less constant during the first days after a salt shock, nitrate concentrations in leaves decreased antiparallel to the chloride concentration (Fig. 1) .
Similar effects of chloride salinity on leaf nitrate contents were found in other species like barley (not shown) or peas (Fig. 2) . Whereas barley is as salt tolerant as spinach, peas as typical glycophytes are very salt sensitive. When peas were shock-salted like spinach (Fig. 2) , but with much lower NaCl-concentrations (50 mmol L' or 100 mmol L-', and Na+/Ca2" = 50 resp. 100), their leaf nitrate content decreased to extremely low levels within 1 or 2 d. It is a well-known phenomenon that chloride salinity leads to decreased nitrate levels in some species, and this has been proposed recently even as a means to minimize nitrate contents in some vegetables (7) . However, in other species, nitrate levels are increased under chloride salinity (18) Figure 1 . Nitrate reductase activity in leaves from chloride-treated spinach or barley was reported to increase (7, 16) . As a hypothesis, we therefore suggest that nitrate transport from root to shoot is inhibited by Cl-. Since amino acid concentrations remain high, and deficiency symptoms are absent, the shoot might be supplied with organic nitrogen from the root. Experiments are underway to test this hypothesis.
It has been mentioned above that osmotic compensation of salt sequestration in the vacuole is achieved in chloroplasts by accumulation of quarternary ammonium compounds. Figure 1 demonstrates that after a salt shock levels of these compounds in leaf extracts did not change measurably within the first three days. In chloroplasts, however, quarternary ammonium compounds were accumulated rather rapidly, with an average increase of about 1 mmol L' h-' (corresponding to a consumption of 2 to 5% of the average carbon fixed per h).
During the first hours following addition of salt, spinach plants were rather heavily wilted. Nevertheless, photosynthetic capacity was perfectly constant for the whole time (data not shown). It also remained constant when salt concentrations in the leaves increased after several days. Thus, the observed influx of salt into the chloroplasts was definitely not large enough to cause enzyme inhibition. The capacity for salt sequestration was apparently high enough to cope even with very rapid increases of the salt concentration in the soil solution.
CONCLUSIONS Spinach leaves have a rather high capacity to sequester sodium salts in the vacuole. Even after a massive salt-shock treatment, salt influx into the chloroplasts was too slow to impair photosynthesis. The capability for salt sequestration was not restricted to sodium chloride. Nitrate salts were also taken up and sequestered in the vacuole, but nitrate uptake was much slower than chloride uptake. Under chloride salinity, nitrate uptake or transport appeared to be inhibited, but not vice versa. This was more pronounced in a glycophyte (pea) than in moderately tolerant spinach or barley.
Altogether, both under normal conditions and even more under salinity, organic compounds constitute the majority of solutes in chloroplasts (and presumably also in the cytosol), whereas vacuolar solutes are mainly inorganic salts. Maintenance of this solute distribution is considered to be essential for metabolic function under varying environmental conditions.
